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Table of Symbols. 
Unless otherwise specified in the text, the symbols 
used in this paper will have the following signif icance» 
a s Ratio of Transformation 
S » Induced Voltage 
B| ^ Primary Induced Voltage of a transformer. 

E2 ^ Secondary Induced Voltage of a transformer. 

f a Frequency. 
I « Current* 
Ij[ s Load Component of Primary Current of a transformer. 

Ix^ Primary Current of a tjmnsformer. 

Ig s Secondary Currant of a transformer. 

^m Operating Factor which rotates a vector anti*cloclc- 

wise thru ninety degrees • 
N s Turns . 

n » Speed, or Number of Phases. 
P — Power 

p s Hiunber of poles . 
p.f .s Power Factor. 

r = Resistance. 

r^ Effective resistance of a transformer. 

V =: Terminal Voltage. 

X = Reactance. 
X3 s5 Effective Reactance of a transformer. 

z s Impedance . 
Z3 s Effective Impedance of a transformer. 
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Z s Number of Inductors, 
yi -Efficiency. 

s Angle of Lag. 
7^ -Angle of Lag. 
X "=" SuBBBatlon. 

^ =Flux. 
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!• IHTRODUCTIOH AMD PURPOSE • 

The electric converter is one of the most important 
pieces of apparatus found in a modem power distribution 
system* It is the connecting link between the universally 
used alternating current generators and the direct current 
utilizing devices* One of its important applications is to 
supply direct current for running street cars* 

A great deal of work has been done upon the synchro- 
nous converter; but little investigation has been made 
upon certain earlier types which preceded it* The type 
discussed in this paper » designated thru-out the discussion 
by the title of "Static Converter"* , has been neglected so 
long that the author thought himself the original inventor^ 
Hope was also entertained of converting at higher efficiency 
than with the modem synchronous converter* 

The purpose of this paper is: 

(a) To give a historical sketch of these early types 
of converters* 

(b) To give the theory of the new type of converter. 

(c) To present the experimental checks of the theory 
advanced* 

The author is indebted to Prof* J.R* Price for his many 
valuable suggestions and interest in the work* Indebtness 
is also acknowledged to Ur. L*J. Peters for help in taking 
oscillograms and to Ifr* D.H* McConnell for aid in securing 
data during the more complicated test runs* 
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11. HISTORICAL RBVISV. 

(l) Sarly work. 

Before taking up the research work, it haa been thought 
well to give a brief account of the development of the methode 
used to convert electrical energy from one form into another » 
and to make statements which will later be used as a basis for 
comparison of the performance of the various types of machines • 
For a fuller account of these earlier types the reader is 
referred to the appended list of references » 

(a) The Rectifier Type* 

This type is the oldest . dating back to 1838 according 
to Thompsonfp and in 1869^ were used for the field magnets of 
self-exciting alternators. This apparatus consists simply 
of a synchronously revolved commutator whereby the altexna- 
tions in the current are rendered unidirectional or whereby 
a direct current is chopped up into negative and positive 
loops • This device is a crude sort of makeshift as no true 
direct current is produced, especially from single-phase 
alternating current, or on the other hand no true altemat- 
ing current is produced by reversing the poles of a contin- 
uous current circuit. The main defect of this class of de- 
vices is excessive sparking. The main advantages are sim- 
plicity and freedom from coils of any kind. This type of 
converter is used today in the cement making industry for 
dust precipjation by the Cottrel method. The efficiency does 

not exceed 55^ in most cases. 

#Thompson, S.P. — Dynamo Electric Machinery, Fourth 
Edition, Page 652 • 
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(b) The Inductorium Type* 

According to Colle8#p this type is "characterized by a 
series of induction coils » which may or may not be stationary » 
arranged in a circle and having their primary and secondary 
coils » one or both, connected to the respective segments of a 
commutator: the apparatus is not^p in general, self -rotative 
or self* regulating, ..... but must be rotated by a donkey- 
motor or other external source of power. One or two commute- 
tors lire used, according as a direct and alternating or two 
direct eurrents are wanted* In this class there are three 
well-marked subclasses: 

1. The stationary independent coil type, in which each 
induction coil is wound upon a separate core, and separately 
connected to the commutator or commutators thru slip-rings... • 

2. The stationary ring type, in which the sepairate in- 
duction coils are now wound together all upon one ring, which 
has two independent sets of coils wound thereon Gramme fashion, 
and connected to the commutator or commutators thru slip-rings. 

3. The rotating ring type, identical with the former, 
except that to avoid the slip-ring connection and possibly to 
give stability to the rotation, the induction ring is mounted 
on the commu4ator-8haft. The "dynamotor** has not been reach- 
ed, as no external fields are provided."* 

#Colle8, G.W. — Rotary Transformers.-- The Journal of 
the Pranklin Institute, 1901. Page 212. 
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The fatal defect of these devices is the excessive 
sparking. The output from such a piece of apparatus is also 
necessarily very limited and the efficiency of conversion is 
low. 

Z. Rectifiers. 

Brief mention is made here of the later develdpment of 
the mercury-vapor, and the electrolytic rectifiers* These 
methods of converting electrical energy are, however, distinct 
from the methods considered in this paper^ depending upon the 
electrical valve action of chemicals. Vercury-vapor rectifi- 
ers are being developed for heavy power service and they may 
supplement the synchronous converter for supplying direct cur- 
rent for railway systems. Electrolytic rectifiers seldom ex- 
ceed 60^ efficiency; the mercury- vapor rectifier runs higher, 
going up to about 60J(« 

3. Motor Generators. 

Motor generators are too well known to require much 
description. They usually consist of an alternating current 
motor ». of either the synchronous or induction type, coupled 
directly to a direct-current generator. The chief advantage 
of motor-generators is that their alternating current and 
direct current sides are entirely independent. 

The efficiency of a 25-cycle motor generator will be 
from six to eight per cent less than the efficiency of a cor- 
responding rotary converter with its necessary accessaries. 
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In the case of 60-cyele apparatus the difference is from 
three to six percent. The copper lessee do not increase 
80 rapidly with decreasing power factor as do the copper loss- 
es in a rotary conyerter. Rotary converters cost from 25 to 
Z^% less than the corresponding motor -generators. 

4. Synchronous Converters. 

The synchronous converter is usually employed where- 
ever large amounts of power must be converted. Its general 
theory and design is so intimately related to the static con- 
verter that a brief summary will be given. 

In any direct-current generator the induced voltages 
are alternating » the current being rectified by means of 
the commutator. Alternating current can therefore be taken 
from any direct-current generator by bring out tape from the 
armature at suitable points and connecting them to slip rings 

A machine tapped in tnis way will operate either as a 
direct*current motor or generator, or as an alternating-cur- 
rent synchronous motor or generator. It may therefore be 
used to convert alternating into direct-current, or to con- 
vert direct into alternating current. 

The voltage ratio of an n-phase converter is found 
as follows: 

The electromotive force induced in any inductor is 



m ®^®^ where E^^ is the maxi- 



e » Eqi cosi& 
mum electromotive force induced in a single conductor and 
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Zi is the position angle of the Inductor with reference to the 
resultant field* The direct-*current volta^^e will be 



E^Q sZ_^ Bwi C08^ 



'L ■"'' 



X]Q ~ COS/k dA 
^-/ 

= 2^Btt (1) 

Where Z is the number of inductors in series between brushes » 
If there are n slip*rings» the angle between any two 

taps for any phase will be 2 -^ electrical radians • If 

there are more than two i>oles, n is the number of taps per 

pair of poles « 

The maximum alternating current voltage between these 

two taps will be ^^^i 

"dc ^l^f^) ^ ¥ ^^®^ ^^ 

« 2BBi4-sin^ (2) 

" ^ n 

If a sine wave of e.m.t. is assumed » the effective or 

r«m*s« alternating current voltage will be 

Sn rr-sin X 



B 



ac 



8 - L-°'" ^ (s) 

The ratio of the voltages on the two sides will be 
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g ^ "#" «^» "f 



»dC 2-1- 



/5- 



2 ^ l!|u 

= j^.ln-f- (4) 

The actual Toltage ratio of eonverters will differ 
slightly from thie, being influenced by the flux distribution 
in the air gap. 

Current relations: 

Since the input tines the efficiency must be equal to 
the output the following relation must be true; 

-|- (p-f .) (A ) n Vae I^c - Xc ^dc 
Where I^^ is the coil alternating current. And 



T^ "^ac 1 ^dc 



(6) 



Idc "" "^ (P*f0 (a) ^ac 
How in general the total line current is equal to the 
coil current multiplied by 2 sin JL. and by the number of 
pairs of poles. Hence, replacing the coil current in equation 
(5) by the total line current, I.., gives 



1^- 2'*"— n(p.f.) U) Ar„ 



^^ is very nearly equal to ^^ 
Vac *ac 



Since ^^ is very nearly equal to ^ » we may 
Vac •'^ 

write as an approximation; 
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is£- « 2 Bin (-1^ i i 

Idc "^ *» <P-'-) ^'^J TT "*"-^ 

2 /2" 



n (p.f .) Kn ) 



(6) 



We turn now to a considex^tlon of the static converter, 
and the application of the above equations to this machine. 
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III. THBOBY 07 THE STATIC COHVERTKR« 

!• General Description* 

The static conyerter consists of a stationary polyphase 
stator or primary, a stationary armature or secondary, and a 
synchronously driven set of rotating brushes. In the exper- 
imental machine, an old four- pole, Gramme ring wound, three- 
phase stator of an induction motor was used^the primairy. 
The secondary consisted of the armature from a General Elec- 
tric type H«C« conyerter. The revolving brush mechanisM was 
designed by the author and built in the university shops. 
The accompanying photographs show the assembly 6n the test 
floor. 

Power was applied to the statoT producing the revolv- 
ing magnetic field. This in sweeping over the inductors on 
the stationary armature, induced voltages Just as in the case 
where the armature revolved in a stationary field flux. The 
revolving bxiishes were adjusted until a maximum difference of 
potential was secured. 

Altemating«current power was also supplied directly to 
the slip rings of the armature in some of the runs; and tests 
were also made with ttie machine acting as an inverted conver- 
ter, direct-current power being applied and alternating- 
current power being taken out. These various conditions will 
now be studied. 
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Z. Calculations. 

The data on the apparatus used in the laboratory is as 
given below: 

Converter BJB«#1032. H .C .-4-7i-1800-110V#88365. GJS. 
Azmature: 



Type of winding 


Ifultiple drum. 


Ho. of circuits 


4 


Conductor 


.102 


Insulation 


DCC 


Ho. of single coils 


96 


Turns per coil 


3 


Ho. of slots 


48 


Conductors per slot 


12 


number of comnutator segments 


96 


Connection diagrnm 


R.P.C.406 


Kain shunt field: 




Conductor 


.049 


Insulation 


DCC 


Ho« in multiple 


1 


Turns in series per coil 


1749 


Meem length turn 


1.97 ft. 


Calc. resist, at 25 degrees C. 


15.3 ohms. 


Dimensions: 




Length of bearing surface 


14 inches . 


Diameter of armature 


9 inches . 


Area of one pole shoe 


25 sq. in. 
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Induction Motor E .B .#1033 .-Allgmelne Elektrloilats Gesell- 

sch&ft, Berlin, Germany. #3784. 

100 Tolte , DR • 50 , 3-pha8e . 
Stator 

No. of Blots 72 

Conductors per slot 3 

Type of winding Graamte ring. 

Conductor size 3.50 millimeters «•> .138 inches. 

Resistance per phase .078 ohms. 

Uean length turn on stator 22.5 inches. 



Short-circuit test of Static Converter. 
At 25 cycles: 

^12 V23 ^1 H 

24.3 24.4 49.3 49.4 
22.2 22.3 42.2 42.7 

14.1 14.17 21.8 22.0 

26.4 46.4 

At 60 cycles: 

33.6 33.6 43.9 44.6 

29.2 29.1 34.7 35.0 

24.5 24.6 25.5 25.6 
25.2 21 i 7 



Pt 


% 


Per Phase: 
*e 


1.608 


.219 


.284 


1.24 


.229 


.303 


..396 


.276 


.302 


.96 


^2.23 


.284 


Mean » 


.22 


.30 


1.534 


.261 


.438 


1.016 


.278 


.482 


.592 


.304 


.556 


.296 


.304 


,i88Q , 


Mean s 


.28 


.50 



^e 



.202 



.414 



Measured ratio of transformation = 1.466 
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Several method of computing the direct-current voltage 
and current will now be shown. 

Equation (4) previously developed for the synchronous 
converter will apply ^^the static converter provided we divide 
the voltage impressed on the stator by the ratio of transfer* 
mation to get the voltage applied to the armature. E^^ becomes 
the terminal (line) voltage because the brushes are adjusted 
to get the maximum difference in potential existing in the coils. 
The direct-current voltage is then 

a sin "^r- 
n 

Because of the high reactance of the machine , a low 
power factor nay be expected. Assuming a power factor of 
60^ and a full lodd primary current of 25 amperes (See Fig.l) 

=ac " V - l(cos «• - j 8in-e)(re-^ J x©) (2) 

*7r" - 26 (.8 - J.6)(.2e-H j.414) , 

ss 61.7 - J 4.08 
Ej^g « 51.9 volts. 

And 

- 51 «9 ^/T/^ 



1.466 sin 



dc J_ 



3 
100 volts. 
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Similarly 9 the current is calculated from 

n (p.f-) (A) a I 

^dc" 7= ^^— ^^> 

At an aasumed efficiency of conyerelon of 80% and a 

power factor of 80% » the direct-current would be 

3 (.80) ( .80) 1.466X25 



I«c 



2 yjT 



B 25 amperes. 
At 25 cycles a lower impressed voltage must be used. 
Using an impressed voltage of 80 and a cujrrent of 50 amperes, 
the corresponding direct -current values are 

E^^ m 60.6 volts. 

Idc ^ ^0 amperes. 
As a check upon the foregoing calculations, the direct- 
current voltage may also be found by the ratio of the fluxes 
cutting the armature inductors (1st) when in the synchronous 
converter field (2nd) when in the 3-phase stator field. Now 
the fl\ax existing in the first case is given by the familiar 
direct-current equation 

P (p Z n 

«dc - — ^ r (4) 

a 60 X 10® 
Substituting the value of the constants from the data 
on the synchronous converter 
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110 = -^ < P 576X160 



And 



60 X io8 



(f m 637,000 lines per pole. 
The induoed voltage in a synchronous generator is 



S s 4.44 V f <p^ 10"® (6) 



for the three-phase stator used in the test 



Jk^ . 4.44X72X60XCf^ 10 "® 



And 



(f • m?<tQ"^ s 330 »000 lines . 

" 4.44X72X60X^3" 

The other two phases also contribute to the resultant 

flux» thus 

<P = 330 ,000 -|- 

s 495,000 lines per pole. 

The voltages induced are directly proportional to the 

fluxes, hence 

V - nn 496 .000 

"dc - 110 ^zi ;ooo 



= 65.5 volts. 

^Lawrence, R.R. - Principles of Alternating Current 
Machinery - H.Y. 1916. Page 21. 
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Knowing the ratio of transformation between the eta tor 
and the armature of the static converter, the current and 
Toltage may be computed by a third method from the simple 
transformer relations; 



ii 22.^.i« (e) 



Where li is the load component of the etator current. 
And 

-51--^.. (7) 

E2 N2 

The rotating brushes will be adjusted to get a maximum 
difference in potential. This corresponds to picking off 
the peak value of the induced alternating- current voltage* 
The corresponding value of the current depends upon its angle 
of lag or lead with relation to the voltage and may be any 
value from zero to its peak value* Since the static converter 
has an effective resistance of r^ ohms^ and an impedance of 
20 ohms, the current will lag by approximately 

cos-^ J!!^ « ^ (8) 

*e 

The actual angle of lag depends upon the effect of the 
load current* In computing the actual angle of lag for a 
given load, resource must be made to the vector diagram* Let 
T represent the angle of lag of the secondary current behind 
the secondary voltage* 
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If the p«a]c ralue of the alternating-current wave is Ip 
amperes, then the direct current would be 



idc = Ip »i" (90 - r ) 



Or 



dc 



1^2* Ig COS' 



The direct -current voltage will be 



(9) 



(10) 



(11) 



*do -V* *2 a 
Figure la is a sketch of the current euid voltage rela- 
tions at time of coxanutation. By using the measured ratio 
of transformation, a, between terminals, there is no neces- 
sity of finding out whether the windings are connected in 
star or mesh. 
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As an Inyertad Conyert ar. 

If tha brushae ara ravolyed by a synchronous motor » 
and diract-currant Toltaga is impressad, altamating*-currant 
powar may bd takan off tha primary. Its frequancy depends 
upon tha spaad of tha rotating brushes. 

Tha alternating- current voltage and currant may be 
found by equations (lO) and (ll). For the inverted converter 
these equations assume the form 



(12) 



a /2 coa 



If tha winding of tha secondary is mash connected » the 
current in equation (13) muat be multiplied by y^ to get 
the terminal or line current* 
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Application of the Theory. 

For the 60 cycle conditions. 

Cos T ss .35 
Then 

I^c = 1.64 -^|AivSx:35 

s 11.9 amperes. 
The Toltage will be 

*clc \M 

= 94.8 TO Its. 
Power input 

« y/Z V Ii cos 

• >/3XllOX25X.36 

= 1.67 Kw. 



Power output 



^dc ^dc 



94.6X11.9 



= 1*13 Kw. 
Efficiency of conversion 



= 1«15 - 67 7 < 
1.67 -67.7% 



From the data on Fig. 7 
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Vr. CHBCK OF THE THBOBY. 

!• Design of the Revo lying Brushes • 

As originally planned, the tests were to be carried 
out with 60 cycle alternating current. The brush mechanism 
was therefore designed for a synchronous speed of 1800 r,p«m# 
After the machine was set up for test, results were found to 
be erratic and trouble was continually experienced due to 
poor commutation , until fin ally all tests were carried out 
at 25 cycles. 

Plate 1, illustrates the design which was finially 
adopted as satisfactory. The brass slip rings have an outside 
diameter of ten inches., giving the enormous peripheral velo- 
city of 

V s fdn 

_ / 10 X 1800 
12^ 

• 4710 ft./ min. 
The thickness of the slip rings was calculated by 
Ii0ve*s formula for the tangential true unit stress 

The stress set up in the slip ring was checked by the 
fozmula 

S ss .JLZ 



12 g 

# Merriman, V. -- Mechanics of Uaterials -•> 11th edition, 
H.Y. 1916 . page 42ft. 
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In the aquations on the praylous page, the letters have 
the following eignificance 

w • weight per cubic inch s .30 Ibe. for braea 

CU • angular velocity in radians /sec* 

A- factor of lateral contraction ^\ 
^1 f^2 * radii in inches 

X • radius to any point. 

The minimum diameter of the gears was fixed by the size 
of the slip rings to a ralue of 10 inches t thus giving a speed 
of 4710 ft#/min« of the pitch circle. The only objection I 
could find to this speed was the noise. The bursting speed 
of a disc in r«p.m. is' 






(R* +- Rr -h r') w 

= 24400 r.p.m. This gave a factor of safety 
of 13.55 at 1600 r.p.m. 

The brushes were designed to carry 40 amperes safely. 

The brush holders gave considerable trouble in design 
because an attempt was made to utilize the enormous centri* 
fugal force to get firm contact of the brushes on the commu- 
tator. This meant a nice adjustment of counter-weighting which 
did not work out well in practise. Springs were found neces- 
sary to give the correct pressure at all times. Four brush 
holders » for the stationary brushes, were adapted from the 
G.E« synchronous converter to collect the direct current 

from the slip rings. 

^Ifachinery's Handbook - Industrial Press , IT. Y. 19 19 ,5th Bd. 
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2. Experiments « 

a.) General Description of Tests. 

Figure 3. is a diagram of the connections used for most 
of the tests. The field rheostats R2» H3» were placed near 
the static converter so as to be convenient for varying the 
frequency and impressed voltage. Al. represents a 3*phase , 
25 or 60 cycle alternator. For the 60-cycle runs, power 
was also taken directly from the switch -board. 

The brush motor was a small 6. B.. Type SKS«4-^ Form C 
synchronous motor. This motor proved inadequate to drive the 
brushes 9 and a large (5 H.P.) Swiss motor was the only other 
4-pole machine available. This motor was of the induction 
type with a wound rotor. It was changed into a synchronous 
motor by introducing direct current into the rotor B, as 
shown in Fig. 2. Figure 2, illustrates how a brake test of 
this motor was made before using it to drive the brushes of 
the static converter in order that some data might be avail- 
able on its operating characteristics. In Fig. 3 F]^ repre- 
sents this wound rotor and R^ is a lamp-bank in series 
for controlling the current input. This motor developed 
over 4 HJP. when thus modified, and no further trouble was 
experienced in getting synchronous speed for the brushes. 

The frame and the armature from the synchronous conver- 
ter were used to build up the static converter. The banding- 
wires had to be removed from the armature in order to get it 
into the stator opening. The air-gap was therefore very 
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small •• on the order of a sixteenth of an inch. In the 
60-cycle runs considerable heating of the gear bearing took 
place; a fan was therefore installed to blow cold air on 
the brush mechanism for these tests. 

When starting up, the brush motor was first brought up 
to synchronous speed* Then power was applied to the stator S 
(primary) of the converter, and lastly » the direct«current 
load was placed on the machine. The load consisted of lamp- 
banks in parallel for all runs. The power input was measured 
at the polyphase board. 

Figure 4 illustrates how the test was made with the 
converter doubly«fed. The incoming three-phase power was 
split up, part going to the stator S (primary) and part going 
to the slip rings on the alternating-current side of the 
armature (secondary) . The voltage was controlled by a three- 
phase potential regulator and was stepped down by the trans- 
formers T« ?! and P2 represent polyphase measuring boards. 
It should be noted that the total power input was measured 
at F and the power input to the armature was measured at P^. 
The difference between F^^ and P2 is therefore the power going 
to the stator. The transformer losses are therefore in- 
cluded in the power measured at ?£• This was desired, since 
transformers would always be a necessary evil whenever the 
static converter would be doubly-fed. 

Ihen operated inverted, no attempt was made to take 
power from the armature slip- rings; all load was taken from 
the stator. 



Digitized by 



Google 



Digitized by 



Google 



b.) Data. Test of th« Static Conyerter. 

Frequency of 60 cycles/sec . 

Alternating-current voltage 110 Yolts. 



3Z 



D.C. 


Output . 




A.C. Input to 


Stator 


% 


% 


Volte 


A9PB. 


Kw. 


Amps. 


Kw. 


Kva. 


p.f. 


Vtt, 


100 








22.3 


.60 


4.25 


14.1 





98 


.8 


.0784 


22.9 


.70 


4.36 


16.1 


11.2 


96 


2.9 


.288 


25.5 


1.00 


4.86 


20.6 


27.7 


96 


3.9 


.374 


22.9 


1.08 


4.37 


24.8 


34.7 


95 


4.8 


.416 


23.7 


1.20 


4.60 


26.1 


38.0 


94 


5.7 


.536 


23.7 


1.32 


4.62 


28.6 


40.6 


93 


7.6 


.707 


23.7 


1.40 


4.60 


30.4 


50.5 


90 


11.0 


.990 


25.4 


1.70 


4.84 


35.1 


58.3 



Slight sparking occurred towards the last of the run. 
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Test of a Polyphase Synchronous Conyarter. •• Jan.l7,*21 

General data: 

Conyerter #1032, G.E. 7^ kw. D«C. output 68 amperes, 110 

volts* Frequency 60 cycles/see. 

Field current «8S amperes. 

Transformer primary 3-phase voltage 130. 



B.C. Output. 




A.C. 


Input tc 


) Stator 


% 


% 


Volts 


Amps. 


K«. 


Amps. 


Kw. 


Kva. 


p.f. 


Eff. 


99.0 


88.0 


8.72 


46.0 


10.25 


10.40 


98.7 


84.4 


99.0 


70.0 


6.93 


40.0 


8.50 


9.00 


94.4 


80.8 


100.0 


57.0 


5.70 


33.5 


7.00 


7.66 


92.7 


80.3 


102.0 


43.5 


4.44 


27.0 


5.76 


6.08 


94.6 


76.1 


104.0 


31.0 


3.23 


22.0 


4,50 


4.95 


91.0 


70.4 


105.0 


21.0 


2.21 


18.0 


3.46 


4.05 


85.2 


62.4 


106.5 


13.0 


1.39 


15.0 


2.55 


3.38 


75.4 


62.5 


107.6 


6.0 


.65 


12.0 


1.75 


2.70 


64.8 


35.1 


109.5 








10.0 


1.25 


2.25 


65.6 
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Bun #2« Characteristics of the StaticConverter« 

Frequency of supply 25 cycles/sec. 

Alternating-current voltage 80 volts. 



1 D.C. 


Output . 


A.C. 


Input t 


Stator 


% 


% 


1 Volts 


Amps 


Kw. 


Amps. 


Kw. 


Kva. 


p.f . 


Eff. 


74.0 








43.3 


1.08 


6.00 


18.0 





74.0 


2.5 


.165 


43.5 


1.26 


6.03 


20.9 


14.7 


75.0 


9.0 


.665 


44.3 


1.77 


6.15 


26.6 


37.6 


74.0 


12.0 


.864 


44.4 


2.34 


6.16 


38.0 


38.0 


70.0 


16.5 


1.165 


45.9 


2.78 


6.36 


43.8 


41.6 


65.0 


22.5 


1.463 


46.4 


3.16 


6.43 


49.2 


46.3 


63.5 


28.0 


1.778 


47.7 


3.46 


6.61 


52.2 


51.4 


63.0 


32.0 


2.016 


48.7 


3.92 


6.75 


56.1 


51.4 


62.0 


37.5 


2.325 


49.1 


4.30 


6.61 


63.2 


54.1 


60.0 


43.0 


2.580 


50.2 


4.64 


6.95 


66.8 


55.6 


56.0 


47.5 


2.755 


52.3 


5.02 


7.25 


69.3 


65.0 


66.0 


53.0 


2.968 


51.6 


5.00 


7.18 


69.7 


59.3 


55.0 


57.5 


3.163 


53.3 


5.34 


7.39 


72.3 


59.2 


53.0 


63.0 


3.336 


54.5 


5.64 


7.55 


74.7 


59.2 


52.0 


72.0 


3.744 


60.3 


6.62 


6.36 


79.2 


56.6 



Absolutely no sparking even when commutating 72 amperes 
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Run #3. Effect of yarylng the Frequency • 
A ^C •Voltage constant at 60 volts. 
B.C. Load constant at 20 amperes. 



D.C. ( 


Output 


A.C. 


Input to Stator. 


% 


% 


Volts 


K«. 


Amps. 


Kw. 


Kra. 


f . 


p.f . 


Bff. 


69.5 


1.41 


46.8 


2.60 


6.61 


22.0 


39.4 


54.2 


69.0 


1.37 


42.8 


2.46 


5.93 


23.3 


41.4 


55.7 


68.0 


1.33 


40.9 


2.38 


5.66 


25.1 


42.1 


55.9 


69.8 


1.41 


35.5 


2.30 


4.92 


26.7 


46.8 


61.3 


69.4 


1.39 


32.7 


2.18 


4.53 


28.3 


48.2 


63.8 


69.0 


1.40 


32.0 


2.18 


4.43 


30.0 


49.3 


64.2 


69.0 


1.38 


30.4 


2.10 


4.22 


31.7 


49.8 


65.7 


68.0 


1.35 


30.2 


2.06 


4.18 


33.3 


49.3 


65.3 


, 66.5 


1.28 


28.6 


1.94 


3.77 


35.0 


48.9 


66.0 



Digitized by 



Google 



Digitized by 



Google 



^^ 



Run #4. Doubly-fed Static Convarter. 

Impraasad Voltaga 80 volta. 

Impraeeed Fraquaney . . • . 25 eyelas/sac. 



D,C« Output 


• 


Amatura 




Total 


Input. 


Volte 


Ampe. 


Kw. 


Volte 


Amps. 


Kw. 


Ampe. 


Kw. 


77.0 








80.0 


4.7 


.60 


56.3 


1.47 


75.5 


5.0 


.378 


80.0 


4.5 


.59 


58.3 


1.84 


72.5 


12.0 


.870 


80.0 


8.4 


1.10 


64.2 


2.50 


71.8 


18.0 


1.282 


80.0 


12.9 


1.65 


62.7 


2.88 


71.0 


22.0 


1.562 


80.0 


14.9 


1.84 


64.9 


3.26 


70.5 


25.0 


1.763 


80.0 


15.7 


1.98 


65.8 


3.58 


68.0 


30.5 


2.074 


80.0 


16.3 


2.02 


66.6 


3.90 


68.0 

1 


37.4 


2.543 


80.0 


19.5 


2.43 


68.1 


4.38 



Calculated: 



% 


% 


Total 


Arn 
Kra. 


latura 
% 


Bff. 


p.f. 


Kya. 


Input . 


p.f. 





18.9 


7.81 


.65 


92.1 


20.5 


22.8 


8.09 


.62 


93.8 


34.8 


28.0 


8.90 


1.163 


94.5 


44.5 


33.1 


8.70 


1.79 


92.2 


48.0 


35.1 


9.00 


2.07 


88.7 


49.3 


39.2 


9.12 


2.18 


90.6 


53.3 


42.2 


9.24 


2.26 


89.4 


52.1 


46.4 


9.44 


2.71 


89.5 
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Run #5. Doubly-fed Static Converter • -- Showing the effect 
of rarying the voltage impreseed on the armature. 

Line voltage • • BO volts . 

Impressed Prequency ••«.25 cycles/sec* 



D 


.C. Output. 


Armature 




Total . 


Input 


Volts 


Amps. 


Ew. 


Volts 


Amps. 


Kw. 


Amps. 


Kw. 


70.0 


15.0 


1.050 


73.0 


1.9 


.00 


67.9 


2.606 


70.5 


15.1 


1.065 


75.0 


2.5 


.24 


56.0 


2.646 


72.5 


15.1 


1.095 


80.0 


6.5 


1.11 


62.6 


2.760 


76.5 


16.0 


1.208 


85.0 


16.5 


2.25 


65.4 


2.640 


80.0 


15.0 


1.200 


90.0 


26.9 


3.19 


75.0 


2.720 


84.5 


15.3 


1.293 


95.0 


44.5 


4.16 


62.2 


3.260 


90.0 


15.2 


1.368 


97.5 


56.2 


5.02 


69.9 


3.600 



Calculated: 



% 


% 


Total 


Armature 


Bff . 


p.f. 


Kra. 


Kva. 


p.f. 


40.3 


32.6 


6.03 


.24 





40.2 


33.0 


6.04 


.33 


72.4 


39.7 


31.8 


6.68 


1.18 


94.1 


42.5 


31.4 


9.06 


2.72 


62.6 


44.2 


26.2 


10.40 


4.50 


70.9 


39.4 


26.8 


11.40 


7.33 


56.6 


36.0 


30.5 


12.47 


9.84 


51.1 
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Run #6* Inverted Static Converter. 

Frequency of supply to brush motor - 

Frequency of A .C • output 

A«C« load in delta* 



- 25 cycles/sec* 
• 25 cycles/sec. 



s.c 


» Input . 




A.C. 


. Output 


» 


% 


Volte 


Amps. 


Ew. 


Volts 


Amps . 


Kw. 


Iff. 


10.0 


25.1 


.251 


30.9 













20.5 


- .205 


20.8 


.87 


.0312 


15.2 




17.0 


.170 


15.4 


1.66 


.0442 


26.0 




15.0 


.160 


12.2 


2.06 


.0440 


29.3 




14.5 


.145 


11.3 


2.34 


.0456 


31.4 




13.9 


.139 


9.6 


2.83 


.0468 


33.7 




35. e 


.358 





15.10 i 


Jhort-ci 


reuited 


15.0 


30.0 


.450 


22.2 













22.0 


.330 


14.9 


4.89 


• 1260 


38.2 




19.4 


.291 


12.2 


2.50 


.0529 


18.2 




18.0 


.270 


11.8 


2.28 


.0467 


17.3 




11.0 


.165 


6.0 


2.55 


.0265 


16.1 


20.0 


29.0 


.580 


20.5 


6.54 


.232 


40.0 
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UiBcellaneouB Data: 

The ratio of transfomation between stator (primary) and the 
armature (secondary) of the static converter: 



frequency 
f 


Impztessed 
(line) 
Voltage 


Secondary 
load 
Amps. 


Secondary 
( line) 
Voltage 


Ratio of 
Transfomation 


60 


109.0 





66.5 


1.640 


25 


64.0 





57.5 


1.460 


25 


88.0 


8.5 


60.0 


1.466 



Brushes were not rotating. 



Data for the Oseillogran: 



D.C. Output. 



Volts 



71.0 



Amperes 



16.5 



Kw. 



1.162 



A.C. Input. 
Volts Amps. Kw. 



80.0 



41.8 



2.24 



25 



% 
Bff. 



52.0 



Power Required to Rotate Brushes: 



Amperes 



Kilowatts 



Remarks . 



5.80 
3.97 



5.40 
3.84 



.44 
.26 



.14 
.03 



.58 
.29 
.29 



Loaded. Voltage — 80 
Unloaded. Frequency -25 
Power to rotate brushes. 
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3a Comparieon with Caloulated Performance « 



Ae a direct converter: 



Con< 


Utlons. 


Calculated. 

1 1 




Experimental 

1 1 


»ac 


lac 


f 


»dc 


Idc 


Eff . 


Uathod 


«dc 


Idc 


Eff. 


110 


25 


60 


100.0 
65.5 


25.0 


65.^ 


a 
b 


90.0 


10.5 


57.5 


110 


25. 


60 


94.6 


11.9 


67.7 


e 


90.0 


11.0 


58.3 


80 


50 


25 


60.6 

109.0 

77.2 


50.0 
39.5 


54.7 
55.2 


a 
b 
c 


61.0 


41.0 


55.5 



As an inverted converter: 



Cond: 


tions . 


Calculated 




Experimental 


=dc 


Idc 


»ac 


lac 


Eff. 


Method 


«ac 


^ac 


Eff. 


20 


29.0 


20.7 


8.84 


54.6 


c 


20.5 


6.54 


40.0 


10 


13.6 


10.4 


6.42 


85.6 





9.0 


3.00 


34.5 
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The laet method fumiBhes a good check upon the volt* 
agee* The no«»load Toltage checke almost exactly with the 
calculated Talue. Under load the Toltage of the static 
conTerter is less than the calculated ralue. The calculat- 
ed load currents are all higher than the experimental re* 
suits. The assumption of h^% pomer factor introduces a 
large error because the unit usually operated at a much 
lower power factor* 

The first method gives results which are in quite close 
agreement with the observed facts « TT^e currents are again 
too large* Part of this error may be accounted for in the 
high resistance and irregular contact of the revolving 
brushes • 

Only the last method was used to check the results when 
operating inverted* The voltages are again in close agree- 
ment, and the calculated currents are too large. The effi« 
ciency of conversion is therefore too high. 
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V. DISCUSSION AHD CONCLUS lOITS . 

The teete were conducted under the dlsadTantageoue 
necesBity of using machines built for 60 cycle power on 25 
cycle power* This accounts in a large mensure for the low 
power-factor and low efficiency of conversion* 

Fig. 7 and Fig« 6 show how the efficiency improves with 
higher frequency* The explanation is found in the reduced 
exciting currents taken by the converter* Fig. 8 illustrates 
how the current input falls off as the frequency is raised, 
the load remaining approximately constant. The data 
shows that the direct*current voltage varies but slightly 
with the frequency. It has a tendency to come down because 
of the higher reactance . 

The regulation is poor in all runs. If 3 Kw. is as- 
sumed the full*load out<<»ptt , the regulation is 

'^^'%1.0^'^ = 25.4 JJ when operating singly- fed, 
and 

^^^^i\ 0^'° = 1B.5 JJ when doubly-fed. 

The regulation when doubly-fed is therefore somewhat improved. 
The conclusion is that the poor regulation is due mainly to 
the large magnetic-leakage of the stator. 

The effect of putting power into the armature is shown 
by the characteristics Figs. 9, 10 » and 11. Comparing with 
the characteristics of the converter when singly-fed, it will 
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be observed that the total ampere input becomes greater and 
the corresponding power-factor lower. 

When the voltage on the armature is raised (7ig«ll) 
more and more of the power is taken by the azisature. The 
efficiency becomes a maximum when the total power input 
equals the armature input. This would indicate that all the 
a It e ma ting- cur rent power coming in is converted into direct* 
current power. If the voltage is raised above this point, 
89 volts, the power going into the armature is partly trans- 
ferred to the atator -- the state r now acting as a second- 
ary of a transformer — and a. circulating current is set up 
in the circuit consisting of the stator and armature. This 
is the explanation of the armature power input becoming great- 
er than the total input from the line. The input to the 
stator under this condition is negative. 

Tig. 11 also illustrates how the direct- current voltage 
couli be controlled from the alternating-current side. The 
static converter is a fixed voltage ratio machine Just as 
the synchronous converter. 

When operated inverted, the conveilibr could be short- 
circuited without getting to ry large currents. The machine 
had to be operated at an extremely low direct-current volt- 
age because of the low resiiance of the armature. The out- 
put was therefore limited. The load voltage fell off sharp- 
ly at first but tended to beoome constant around the value of 



Digitized by 



Google 



Digitized by 



Google 



SJ 



the impressed dlrect«current voltage. The conclusion is that 
the experimental machine is not suitable for inverted opera- 
tion. 

From these tests one would conclude that the static 
converter could never compete with the synchronous converter 
because of the low power-factor and low efficiency of conver- 
sion. It should be pointed out again, however, that the test 
conditions were not conducive to getting either high eff i« 
ciency or high power factor. If a static converter were 
built like a transformer, without an air gap , placed in 
insulating oil and a serviceable coimiutating mechanism t^^ 
signed, the output could be enormously increased, the elim- 
ination of the air-gap and the use of a good magnetic cir- 
cuit would raise the power factor. Such a machine might 
well be used in the future where the synchronous converter 
is found today. It has the advantage of having no heavy 
rotating parts, is independent of direct- current for ex- 
citation, and seems to commutate under all loads without 
the slightest sparking. 
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